Amphiphysin I is an abundant presynaptic protein that interacts via its COOH-terminal src homology 3 (SH3) domain with the GTPase dynamin I and the inositol-5-phosphatase synaptojanin. Both dynamin I and synaptojanin I have a putative role in synaptic vesicle recycling and undergo rapid dephosphorylation in rat brain synaptosomes stimulated to secrete by a depolarizing stimulus. We show here that amphiphysin I also undergoes constitutive phosphorylation and stimulationdependent dephosphorylation. Dephosphorylation of amphiphysin I requires extracellular Ca 2؉ and is unaffected by pretreatment of synaptosomes with tetanus toxin. Thus, Ca 2؉ influx, but not synaptic vesicle exocytosis, is required for dephosphorylation. Dephosphorylation of amphiphysin I, like dephosphorylation of dynamin I and synaptojanin I, is inhibited by cyclosporin A and FK-506 (0.5 M), two drugs that specifically block the Ca 2؉ /calmodulin-dependent phosphatase 2B calcineurin, but not by okadaic acid (1 M), which blocks protein phosphatases 1 and 2B. We also show by immunogold electron microscopy immunocytochemistry that amphiphysin I is localized in the nerve terminal cytomatrix and is partially associated with endocytic intermediates. These include the clathrin-coated buds and dynamin-coated tubules, which accumulate in nerve terminal membranes incubated in the presence of guanosine 5-3-O-(thio)triphosphate. These data support the hypothesis that amphiphysin I, dynamin I, and synaptojanin I are physiological partners in some step(s) of synaptic vesicle endocytosis. We hypothesize that the parallel Ca 2؉
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Amphiphysin I, an autoantigen in neurological autoimmune paraneoplastic conditions (1, 2) , is a cytosolic protein expressed at high levels in the nervous system where it is concentrated in presynaptic nerve terminals (3, 4) . It contains an NH 2 -terminal coiled-coil domain and a COOH-terminal src homology 3 (SH3) 1 domain (5, 6) . Via the SH3 domain, it interacts with the COOHterminal proline-rich tail of two other abundant nerve terminal proteins, the GTPase dynamin I (4) and the inositol-5-phosphatase synaptojanin I (7, 8) . Dynamin I, which forms rings around the stalk of clathrin-coated pits (9) , plays a crucial role in the endocytosis of synaptic vesicle membranes (reviewed in Refs. 10 -12) , and synaptojanin I may also be implicated in this process (7) . Via a distinct domain, amphiphysin I was reported to interact with the appendage domain of the plasma membrane clathrin adaptor AP2 (4, 13) . It has therefore been suggested that amphiphysin I may be implicated in the control of synaptic vesicle endocytosis. This possibility was recently supported by experiments carried out at the giant reticulospinal synapse of the lamprey (14) . Injection in the presynaptic compartment of peptides that disrupt SH3-mediated interactions of dynamin, including the interaction with amphiphysin I, was shown to produce a potent inhibition of synaptic vesicle endocytosis at the stage of invaginated clathrin-coated pits. Furthermore, the SH3 domain of amphiphysin I inhibits receptormediated endocytosis when transfected in fibroblastic cells (64) .
A role of amphiphysin I in endocytosis is further suggested by genetic studies in the yeast Saccharomyces cerevisiae. Disruption of the genes encoding the homologue of amphiphysin, Rvs167, or the closely related protein Rvs161, produces a potent inhibition both of receptor-mediated and fluid phase endocytosis (15) . Mutation of the RVS161 and RVS167 genes also produces other pleotropic effects (16 -18) including actin defects (6, 19) . The latter phenotype is consistent with the general link between actin function and endocytosis, which has emerged from genetic studies in yeast (15, 20 -22) .
A variety of nerve terminal proteins that function in neurosecretion are regulated by phosphorylation and dephosphorylation. Many of these proteins undergo an increase in phosphorylation after stimulation of neurotransmitter release (23) . Two major nerve terminal proteins that are known to undergo a stimulation-dependent dephosphorylation (23, 24) were identified as dynamin I (25) and synaptojanin I (8, 26) . Because amphiphysin I contains many putative phosphorylation sites (3, 5), we investigated whether amphiphysin I as well is regulated by phosphorylation in nerve terminals. We report here that amphiphysin I is a phosphoprotein that undergoes stimulationdependent dephosphorylation in parallel with its binding proteins, dynamin I and synaptojanin I. We also show by elec-tron microscopy that amphiphysin I partially colocalizes with dynamin I on endocytic membrane intermediates. These findings provide new evidence for the hypothesis that amphiphysin I participates in some aspects of synaptic vesicle endocytosis.
EXPERIMENTAL PROCEDURES
Antibodies-Rabbit polyclonal antibodies directed against amphiphysin I (CD5; Ref. 5), dynamin (DG1; Ref. 27) , and synaptotagmin I (Syt lum -Abs; Ref. 28 ) and a mouse polyclonal antiserum directed against amphiphysin I (29) have been described. Anti-calcineurin rabbit polyclonal antibodies were a kind gift of Dr. Claude Klee (NIH, Bethesda, MD). Anti-dynamin monoclonal antibodies (Hudy 1) were obtained from Upstate Biotechnology Labs.
Synaptosomes-Two different preparations of rat brain synaptosomes were used. Crude synaptosomes (P2) were prepared from rat brain cerebral cortices using differential centrifugation according to Huttner et al. (30) . Purified synaptosomes (SY) were prepared from crude synaptosomes by a further Percoll gradient purification according to Dunkley et al. (31) . Both synaptosome preparations were washed with "control buffer" composed of 132 mM NaCl, 4.8 mM KCl, 2.4 mM MgSO 4 , 10 mM glucose, 1.1 mM CaCl 2 , 0.1 mM EGTA, 10 mM HEPESNaOH, pH 7.4, and adjusted to 1-2 g of protein per ml for further experimental manipulations. For incubations in Ca 2ϩ -free conditions, synaptosomes were resuspended in control buffer containing no CaCl 2 but 1.2 mM EGTA (Ca 2ϩ -free buffer). Synaptosomal suspensions were then preincubated for 15 min at 37°C in control or Ca 2ϩ -free buffer and then exposed to depolarizing stimuli. For experiments involving the analysis of 32 P phosphorylation, the 15-min incubation was preceded by a 1-h incubation with approximately 10 mCi/ml of [ 32 P]orthophosphate (Amersham) in control or Ca 2ϩ -free buffer at 37°C, and 2 mM unlabeled Na 3 PO 4 was present during the 15-min preincubation.
For stimulation experiments (depolarization), synaptosomes were combined with an equal volume of either control buffer (control samples) or control buffer containing 105 mM KCl and 32 mM NaCl (high K ϩ buffer, resulting in a final concentration of 55 mM KCl and 82 mM NaCl) and subsequently incubated for 1 or 5 min. For incubation in Ca 2ϩ -free conditions, Ca 2ϩ -free buffer or high K ϩ buffer containing 1.2 mM EGTA instead of CaCl 2 was used (Ca 2ϩ -free/high K ϩ buffer). In some experiments, 200 nM tetanus toxin (a kind gift from Dr. Heiner Niemann, Medizinische Hochschule Hannover, Germany) or protein phosphatase inhibitors (1 M okadaic acid, 0.5 M cyclosporin A, 0.5 M FK-506; a kind gift of Fujijama Inc., Deerfield, IL) were present during the preincubation and the stimulation with high K ϩ buffer. At the end of the stimulation, synaptosomes were pelleted at 10,000 ϫ g for 15 min and used for further analysis.
Immunoprecipitation and Grb2 Affinity Purification-Synaptosomal suspensions were lysed with 2% SDS in buffer A (20 mM HEPES-KOH, 50 mM NaCl, 50 mM Na 3 PO 4 , 5 mM EDTA, 5 mM EGTA, 50 mM sodium fluoride, 0.4 mM phenylmethylsulfonyl fluoride, pH 7.4). The lysate was boiled for 10 min, and buffer A containing 1% Triton X-100 was added to achieve a concentration of 0.2% SDS and 0.9% Triton X-100. For amphiphysin I immunoprecipitation, this material was precleared by incubation with protein A-Sepharose 4B (Pharmacia Biotech Inc.) for 30 min at 4°C. CD5 antibodies directed against amphiphysin I (5) were prebound to protein A-Sepharose 4B and then incubated for 1 h with the precleared lysate. Beads were then washed two times with buffer A containing 1% Triton X-100 and two times with phosphate-buffered saline. Proteins were eluted by boiling in sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
To analyze the phosphorylation state of dynamin I, synaptojanin, and synapsin I, synaptosomal pellets were solubilized in buffer A containing 1% Triton X-100 for 30 min at 4°C. Proteins were purified from synaptosomal lysates using Grb2 affinity purification as described previously (26) . Grb2 binding proteins were analyzed by SDS-PAGE and phosphoimaging.
Cell-free Incubations-Fractions containing rat brain cytosol (S3) and nerve terminal membranes (LP2) were prepared as described (30) . For in vitro incubations, cytosol was filtered through a Sephadex PD10 column (Pharmacia) equilibrated with 25 mM Hepes-KOH, pH 7.5. Incubations were performed in 25 mM Hepes-KOH, pH 7.5, 25 mM KCl, 2.5 mM magnesium acetate, 5 mM EGTA, 150 mM potassium glutamate at 37°C. Nucleotides were added at the following final concentrations: 2 mM ATP or ATP␥S, 200 M GTP or GTP␥S. Samples with ATP or ATP␥S were also supplemented with 16.7 mM creatine phosphate and 16.7 mM creatine phosphokinase. For incubations in ATP-free conditions, samples were supplemented with 1500 units/ml hexokinase and 12 mM glucose.
Dephosphorylation with Recombinant Calcineurin-A fraction containing nerve terminal cytosol (LS2) was prepared from purified 32 Pprelabeled synaptosomes according to Huttner et al. (30) . Recombinant calcineurin A (the catalytic subunit of calcineurin) lacking the autoinhibitory and calmodulin binding domains (⌬CnA) and recombinant calcineurin B (the regulatory subunit of calcineurin; plasmids for both calcineurin subunits were a kind gift from Dr. F. McKeon, Harvard University, Cambridge, MA) were in vitro translated and immunoprecipitated as described (32) . In the control condition, the plasmid for ⌬CnA was omitted from the in vitro translation mixture. Immunoprecipitates of in vitro translation products were added to 1 g of cytosol from 32 P-prelabeled synaptosomes. The mixture was incubated in 50 mM MOPS, pH 7.0, 1 mM CaCl 2 , 1 mM MnCl 2 , 0.5 mM dithiothreitol, and 0.5% bovine serum albumin for 1 h at 30°C and finally analyzed by two-dimensional gel electrophoresis.
Miscellaneous Procedures-In vitro dephosphorylation of purified amphiphysin I bands was performed as follows. Amphiphysin I immunoprecipitates were separated by preparative mono-dimensional SDS-PAGE. The upper and lower bands of amphiphysin I were excised, and proteins were electroeluted from the gel using the Elutrap apparatus (Schleicher and Schü ll). Eluted proteins were dialyzed against 50 mM Tris-HCl, pH 7.4, containing 100 mM NaCl. 10 units of alkaline phosphatase (Boehringer Mannheim) or lambda-phage phosphatase (New England Biolabs) were added to 0.1 g of dialyzed protein. Buffers provided with the enzymes were added according to manufacturer's instructions. Incubation time was 30 min at room temperature.
Mono-dimensional SDS-PAGE was performed with 3-10% gradient gels according to standard protocols (33) . Two-dimensional gel electrophoresis was performed according to O'Farrell (34). The synaptosomal pellets or cytosol fractions were directly solubilized in 200 l of sample buffer and centrifuged for 30 min at 60,000 rpm in a Beckman TLA-100 rotor. Protein spots were visualized by Western blots and autoradiography. For quantitative analysis of radioactive spots, Coomassie Bluestained two-dimensional gels were dried and analyzed by phosphoimaging. Western blotting was performed as described (35) .
Double immunofluorescence experiments with rat brain sections were performed as described (36) . Electron microscopy was performed on lysed synaptosomes (P2) from rat brain or total homogenates of rat retinas incubated with rat brain cytosol as described (9) . Immunogold labeling was performed using the mouse serum directed against amphiphysin I and the Hudy 1 antibody directed against dynamin, followed by rabbit antimouse IgGs and finally by protein A gold.
RESULTS

Stimulation-dependent Dephosphorylation of Amphiphysin I-
32 P-Prelabeled synaptosomes were incubated in control or high K ϩ buffer for 1 or 5 min, and the phosphorylation state of amphiphysin I was analyzed by two-dimensional electrophoresis. The amphiphysin I spot was identified by Western blotting using CD5 antiserum (Fig. 1, bottom panel) , and its very acidic pI (4.4) (1) allowed a good separation from other proteins by isoelectric focusing. Autoradiography (Fig. 1 , top panel, and not shown) of the same blots showed that amphiphysin I is phosphorylated in control conditions and that its state of phosphorylation is decreased in high K ϩ buffer, i.e. under conditions that induce plasma membrane depolarization, Ca 2ϩ entry, and neurotransmitter release. Quantitative analysis of the radioactive spots corresponding to amphiphysin I revealed that the amount of phosphorylation was reduced to 54% (S.D. 5%) of the control condition by depolarization (Fig. 1B) .
For comparison, the changes in phosphorylation of dynamin I, synaptojanin I, and synapsin I were analyzed in the same synaptosomal preparations. Synapsin I is a synaptic vesicleassociated protein with a putative role in one of the steps leading to synaptic vesicle exocytosis (37) . As shown in Fig. 1B , both dynamin I and synaptojanin I underwent a percentage decrease in their phosphorylation state similar to that of amphiphysin I. Note that under the same experimental conditions a moderate increase in the phosphorylation state of synapsin I (23) was observed (the experimental conditions were not optimized to induce the maximal phosphorylation of synapsin I), demonstrating the specificity of the dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I. Neither amphiphy-sin I nor dynamin I and synaptojanin I were dephosphorylated in high K ϩ conditions if the extracellular medium contained no Ca 2ϩ , indicating that the dephosphorylation of these three proteins is strictly dependent on the depolarization-induced Ca 2ϩ influx. Amphiphysin I may represent the 135-kDa acidic protein previously described to undergo depolarization-dependent dephosphorylation (23) .
Dephosphorylation of Amphiphysin I Is Reversible-To test if the depolarization-induced dephosphorylation of amphiphysin I is reversible, 32 P-prelabeled synaptosomes were incubated with high K ϩ buffer for 1 min. Synaptosomes were then washed and incubated for 10 min with control buffer followed by a second 1-min incubation with high K ϩ buffer. Samples were taken after every incubation step as indicated in Fig. 2 and analyzed for amphiphysin I phosphorylation by two-dimensional electrophoresis. As shown in Fig. 2 , the depolarizationinduced dephosphorylation of amphiphysin I was reversed by the incubation in control buffer and could be reinduced by another round of depolarization. The reversibility of the dephosphorylation suggests a physiological role of this phenomenon. A similar reversibility was previously shown for dynamin I (25) .
Inhibitors of Calcineurin Block the Dephosphorylation of Amphiphysin I-The stimulation-dependent dephosphorylation of dynamin I was previously shown to be mediated by the Ca 2ϩ / calmodulin-regulated protein phosphatase 2B, calcineurin (38, 39) . To determine which protein phosphatases mediate dephosphorylation of amphiphysin I, we tested the effect of protein phosphatase inhibitors on this process. 32 P-prelabeled synaptosomes were incubated for 15 min in the presence of protein phosphatase inhibitors and cold phosphate, followed by an additional 1-min incubation with control or high K ϩ buffer in the continued presence of the drugs. Phosphorylation of amphiphysin I, and for comparison of dynamin I and synaptojanin I, was analyzed. As shown in Fig. 3 , 1 M okadaic acid, which inhibits protein phosphatases 1 and 2A (40) , had no effect on the dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I. Cyclosporin A and FK-506 (0.5 M), which inhibit specifically calcineurin (41) , blocked the depolarization-induced dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I. These results indicate that dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I is mediated by calcineurin.
We confirmed the pharmacological results by incubation of cytosol obtained from 32 P-prelabeled synaptosomes with recombinant calcineurin A (the catalytic subunit of calcineurin) lacking the autoinhibitory and calmodulin binding domains (⌬CnA). This construct results in a constitutively active enzyme that is no longer regulated by calmodulin (32) . Analysis by two-dimensional electrophoresis showed that ⌬CnA, under this in vitro condition, reduced the state of phosphorylation of amphiphysin I (Fig. 4) . Consistent with the conclusion that calcineurin is responsible for the dephosphorylation of amphiphysin I, calcineurin immunoreactivity is present, although at highly variable concentrations, in nerve terminals of rat brain (42) and colocalized with amphiphysin I (Fig. 5) . P. The top panel shows an autoradiography, and the bottom panel shows the corresponding Western blots performed with CD5 antiserum directed against amphiphysin I. Note in the autoradiogram that the dephosphorylation of amphiphysin correlates with an increase in the state of phosphorylation of other protein spots. Arrows point to the amphiphysin I spots. B, quantitative analysis of the phosphorylation states of amphiphysin I, dynamin I, synaptojanin I, and synapsin I from 32 Pprelabeled synaptosomes incubated for 1 min in control condition or in high K ϩ buffer with or without Ca 2ϩ . Amphiphysin I was purified by two-dimensional gel electrophoresis and the other proteins by Grb2 affinity chromatography as described (26) . Results are expressed as percentage of radiolabeled protein under control conditions. Results from four independent experiments are shown.
FIG. 2. The stimulus-dependent dephosphorylation of amphiphysin I is reversible.
32 P-Prelabeled synaptosomes were incubated for 1 min with high K ϩ buffer followed by an incubation in control buffer for 10 min and a subsequent incubation in high K ϩ buffer for 1 min. Samples were taken at the time indicated, and the phosphorylation state of amphiphysin I was analyzed by two-dimensional electrophoresis followed by phosphoimaging. Radioactivity is expressed as percentage of radiolabeled amphiphysin I at 0 min. Results from three independent experiments are shown.
Depolarization-dependent Shift in Electrophoretic Mobility of
Amphiphysin I-We have previously observed that in monodimensional SDS-PAGE, amphiphysin I runs as a doublet (1) . Both bands are immunoreactive with two different rabbit antisera and 15 different monoclonal antibodies raised against human amphiphysin I (data not shown). While performing the pharmacological analysis of the phosphorylation state of amphiphysin I, we observed that in Western blots the appearance of the upper and lower bands varied with the stimulation conditions (Fig. 6A) . Stimulation of neurotransmitter release by depolarization in the presence of extracellular Ca 2ϩ resulted in the reduction of the upper band whereas the lower band became more intense, suggesting a shift of the upper to the lower band. Inhibition of neurotransmitter release by tetanus toxin had no effect on this shift (Fig. 6B) , indicating that the rise of intracellular Ca 2ϩ and not synaptic vesicle exocytosis is triggering the phenomenon. On the other hand, the calcineurin inhibitor FK-506 blocked the effect (Fig. 6B) .
Analysis of immunoprecipitated amphiphysin I from 32 Plabeled synaptosomes (Fig. 7) demonstrated that both bands were phosphorylated under control conditions with the upper band showing a much higher incorporation of radiolabeled phosphate than the lower band. The specific activity of the upper band, as determined by phosphoimaging and quantitative Western blotting, was approximately six times higher than the specific activity of the lower band. Dephosphorylation in high K ϩ buffer was completely accounted for by the loss of radioactivity from the upper band and paralleled the disappearance of the Western blot signal of this band, whereas the autoradiographic signal of the lower band did not seem to be affected by depolarization. These findings suggest that the shift in electrophoretic mobility of a pool of amphiphysin I is due to phosphorylation. To investigate whether the shift in electrophoretic mobility was exclusively due to phosphorylation-dephosphorylation, the upper and lower bands of amphiphysin I were purified by SDS-PAGE and electroelution from resting synaptosomes, and the resulting material was incubated with either alkaline phosphatase (Fig. 8) or lambda-phage phosphatase (data not shown). Phosphatase treatment resulted in a similar faster electrophoretic mobility (Fig. 8, open arrow) of both bands, indicating that the shift in electrophoretic mobility is caused by a change in the phosphorylation state.
These findings suggest that (i) amphiphysin I contains multiple phosphorylation sites and (ii) the shift of electrophoretic mobility corresponds to the phosphorylation of a specific site(s).
FIG. 3. Effect of phosphatase inhibitors on the dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I.
32 PPrelabeled rat brain synaptosomes were preincubated for 15 min with phosphatase inhibitors and then for 1 min in either control or high K ϩ buffer in the continued presence of the drug. Radioactivity, which was detected as described in the legend of Fig. 1 , is expressed as percentage of control. The dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I was blocked by cyclosporin A (0.5 M) and FK-506 (0.5 M), which specifically inhibit calcineurin, but not by okadaic acid, which, at the concentration used (1 M), blocks protein phosphatases 1 and 2A. Results from three independent experiments are shown.
FIG. 4. Amphiphysin I is dephosphorylated by recombinant calcineurin in vitro.
Cytosol from 32 P-prelabeled synaptosomes was incubated with (left panel) or without (right panel) in vitro translated recombinant ⌬CnA and then analyzed by two-dimensional electrophoresis and autoradiography. In the ⌬CnA-treated sample, the phosphorylation of amphiphysin I represents 72% of the control. Arrows point to the amphiphysin I spots. 
Phosphorylation of Amphiphysin I Is Mediated by a Cytosolic Kinase and Can be Regulated by a GTP binding Protein-
Cytosolic fractions of total rat brain contain only low amounts of the upper band of amphiphysin I. Incubation of rat brain cytosol at 37°C in the presence of ATP and an ATP-regenerating system resulted in the additional band of lower electrophoretic mobility (Fig. 9A) . This process was strictly dependent on the presence of ATP, as ATP␥S or an ATP-depleting system inhibited the formation of the upper band consistent with protein phosphorylation being responsible for the modification. The kinase activity was only present in the cytosol but not in the membrane fraction, as membranes alone when incubated at 37°C with ATP were not able to form the upper amphiphysin I band (Fig. 9B) . Surprisingly, GTP␥S (200 M) stimulated the formation of the upper band of amphiphysin I as compared with the same concentration of GTP or with the zero GTP condition (Fig. 10A) . The kinetic analysis of this process (Fig.  10 , B and C) demonstrated that in the presence of GTP␥S the shift from the lower to the upper band occurred faster and reached a higher steady state. These results suggest the existence of a GTP binding protein that either acts as a positive regulator of the kinase responsible for amphiphysin I phosphorylation or as a negative regulator of calcineurin or of another protein phosphatase.
Phosphorylated Amphiphysin I Is Enriched in Purified Nerve Terminals -
The ratio between the upper and lower bands of amphiphysin I varies in different subcellular fractions. In total brain lysate (Fig. 11, S1 ), the upper band was only present at low levels. Its amount increased in parallel with the purification of synaptosomes. Percoll-purified synaptosomes (SY) contained an almost equal proportion of both amphiphysin I bands. Further fractionation of these synaptosomes did not reveal major differences in the distribution of the two bands in the resulting subfractions. Amphiphysin I was approximately equally distributed between the nerve terminal cytosol (Fig. 11,  LS2 ) and the membrane fraction (Fig. 11, LP2 ). Dynamin I showed a similar distribution between membrane and cytosol, while synaptotagmin, a synaptic vesicle membrane protein used as a control, was recovered exclusively in the membrane fraction.
Amphiphysin I Is Associated with the Cytomatrix and Endocytic Intermediates of Nerve Terminals-The concomitant dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I after stimulation of neurotransmitter release corroborates the hypothesis that amphiphysin I participates in some of the steps implicated in synaptic vesicle recycling. Although amphiphysin I was found to be concentrated in nerve terminals by light microscopy immunocytochemistry (1, 3, 4) and by electron microscopy immunoperoxidase (3), its precise sub- FIG. 7 . Both upper and lower bands of amphiphysin I are phosphorylated, suggesting multisite phosphorylation. A, 32 Pprelabeled purified synaptosomes were incubated with control or high K ϩ buffer and then processed for amphiphysin I immunoprecipitation. Total lysates, unbound proteins, and immunoprecipitates (bound) were analyzed for amphiphysin I immunoreactivity by Western blotting using an immunoperoxidase protocol and for 32 P incorporation using autoradiography. Note that under control conditions the upper band of amphiphysin I accounts for most of the activity of incorporated [ 32 P]phosphate. High K ϩ buffer results in a loss of radioactivity from the upper band, which is paralleled by the disappearance of the Western blot signal. Double arrows point to the amphiphysin I bands.
FIG. 8.
The stimulation-dependent shift in the electrophoretic motility of amphiphysin I is due to phosphorylation. The upper and lower bands (double arrows) of amphiphysin I were electrophoretically purified from unstimulated synaptosomes, electroeluted from the gel, incubated with alkaline phosphatase, and then analyzed by SDS-PAGE and Western blotting. After phosphatase treatment, both pools of amphiphysin I have an identical motility (open arrow), which is slightly faster than the motility of amphiphysin electroeluted from the lower band. The slight shift of the lower band is in agreement with partial phosphorylation of this band (see Fig. 7 ).
FIG. 6. Depolarization-and Ca
2؉
-dependent shift in the electrophoretic mobility of amphiphysin I. A, purified synaptosomes were incubated for 1 min in either control or high K ϩ buffer and with or without Ca 2ϩ . Samples were then analyzed by Western blotting using the anti-amphiphysin I antibody CD5. Amphiphysin I runs as a doublet (arrows), but the upper band collapses into the lower band after stimulation with high K ϩ in the presence of Ca 2ϩ . B, purified synaptosomes were preincubated with tetanus toxin or FK-506, or in the absence of any drug and then incubated with control buffer or high K ϩ buffer in the continued presence of these agents for an additional minute. Samples were then analyzed by Western blotting as for panel A. The shift of the upper band into the lower band seen in the absence of drugs is blocked by the inhibition of calcineurin (FK-506), but not by the inhibition of synaptic vesicle exocytosis (tetanus toxin). Double arrows point to the amphiphysin I bands. cellular localization in the terminals remains undetermined. Electron microscopy immunoperoxidase is a technique of limited resolution, and, accordingly, anti-amphiphysin I immunoperoxidase reaction product was observed throughout the presynaptic compartment (3) . A pool of amphiphysin I could be recovered in a purified synaptic vesicle fraction, but amphiphysin I was not enriched in this fraction (3) . We have analyzed, therefore, the localization of amphiphysin I in nerve terminals by immunogold electron microscopy cytochemistry. To optimize the possibility of identifying transient endocytic intermediates, we performed immunolabeling on broken nerve terminal membranes of rat brain and retina (retina synapses contain high concentrations of both dynamin I and amphiphysin I) incubated with cytosol, ATP, and GTP␥S. As we have shown previously, GTP␥S treatment blocks the fission of clathrin-coated vesicles on synaptosomal membranes, leading to an accumulation of clathrin-coated pits and dynamin-coated membrane tubules (9, 43) . A gallery of micrographs from these preparations immunolabeled for amphiphysin I, and for comparison for dynamin I, is shown in Fig. 12 . Amphiphysin I, like dynamin I, was concentrated in the cytomatrix interspersed among synaptic vesicles (fields a and b) but did not seem to be associated directly with synaptic vesicles (a and c). This overall localization af amphiphysin I in the nerve terminal (field a) was similar in unincubated nerve terminals (data not shown). Endocytic intermediates, like clathrin lattices and dynamin arrays, were generally positive for amphiphysin I (e, g, h, and i). However, the localization of the protein on both structures was not homogeneous, and examples of clathrin-coated pits (d) or dynamin-coated tubules (not shown) completely devoid of labeling were seen, thus indicating that amphiphysin I is not a stoichiometric component of either clathrin coats or dynamin rings. The non-homogeneous pattern of immunogold labeling on clathrin coats was similar for amphiphysin I (g) and for dynamin I (e). In contrast, the sparse immunogold labeling for amphiphysin I on dynamin-coated tubules (g-i) was strikingly different from the tightly packed immunogold labeling for dynamin I (f). In sum, these observations demonstrate that (i) amphiphysin I is concentrated on endocytic intermediates and (ii) are consistent with a transient interaction of amphiphysin I with dynamin I during some of the steps leading to endocytosis.
DISCUSSION
The results of this study demonstrate that in the nerve terminal amphiphysin I undergoes constitutive phosphorylation and that stimulation by depolarization produces a decrease of its state of phosphorylation. This dephosphorylation Immunogold labeling of agarose-embedded membranes from rat brain synaptosomes (c-e, g) and rat retinas (a, b, f, h, and i) were incubated with brain cytosol, ATP, and GTP␥S as described (9) . a and b, low power views of presynaptic nerve terminals. Note that both proteins are concentrated in the cytomatrix interspersed among synaptic vesicles. At least some of this material seems to be associated with coated endocytic intermediates. and its pharmacological properties strikingly parallel the stimulation-dependent dephosphorylation of its two binding proteins, dynamin I (25) and synaptojanin I (26) . The dephosphorylation of all three proteins is dependent on Ca 2ϩ influx and is inhibited by inhibitors of the Ca 2ϩ /calmodulin-dependent phosphatase calcineurin. As previously shown for dynamin I (25, 44) , the dephosphorylation of amphiphysin I is reversed by repolarization. The stimulation-dependent dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I strikingly contrasts with the stimulation-dependent increase in the state of phosphorylation observed for several other nerve terminal phosphoproteins (23) including synapsin I and II, two proteins implicated in the exocytic branch of the synaptic vesicle cycle (37) . These observations add further support to the hypothesis that dynamin I, synaptojanin I, and amphiphysin I are physiological partners in the endocytic reaction (12) .
This hypothesis is further corroborated by results of electron microscopy immunocytochemistry. Amphiphysin I was previously shown by immunofluorescence and by immunoperoxidase to be concentrated in nerve terminals (1, 3, 4) , and by subcellular fractionation to be associated with, but not enriched on, synaptic vesicle membranes (3). Using the higher resolution afforded by immunogold, we have now analyzed the localization of amphiphysin I on nerve terminal membranes incubated under conditions that enhance formation of endocytic intermediates. We show that the protein is partially associated with clathrin-coated membranes and dynamin-coated membrane tubules. On both structures, amphiphysin I has a scattered distribution. Thus, amphiphysin I is not a structural partner of dynamin within dynamin rings. The similar sparse distribution of amphiphysin I and dynamin I on clathrin lattices fits with the proposal (4, 14, 45) that the interaction of the two proteins on clathrin coats may participate in the recruitment of dynamin I, which eventually leads to its oligomerization at the neck of the vesicle bud. This hypothesis is strongly supported by peptide injection studies (14) at the giant synapse of lamprey. Disruption of the interaction of dynamin I with amphiphysin I (and possibly other SH3 domain-containing proteins) at this synapse was found to produce a potent block of synaptic vesicle endocytosis at the level of invaginated clathrin-coated pits. The necks of these pits were not surrounded by a dynamin ring, as if dynamin recruitment or oligomerization had been impaired (14) .
Amphiphysin I is homologous to the yeast protein Rvs167 (5), which has been implicated both in endocytosis and in actin function (6, (15) (16) (17) (18) (19) . Both amphiphysin I and dynamin I immunoreactivities were detectable in the cytoskeletal matrix of nerve terminals. The abundance of this immunoreactive material suggests that it does not simply represent pools of amphiphysin I and dynamin I associated with coat structures grazing into the section. This observation raises the possibility that amphiphysin I may interact with the actin cytoskeleton and suggests a link between amphiphysin I function and actin even in mammalian cells (see also Ref. 65 ).
An analysis of the amphiphysin I sequence reveals the presence of several potential phosphorylation sites for protein kinase C and casein kinase II both in the NH 2 -terminal coiledcoil region and in the COOH-terminal region. Our results are consistent with multisite phosphorylation of amphiphysin I and strongly suggest that calcineurin dephosphorylates the site(s) implicated in the striking electrophoretic shift of the protein. The phosphorylation-dephosphorylation of this site(s) is likely to be mediated by a cytosolic kinase in nerve terminals because it is regulated by depolarization and because the amphiphysin I doublet is enriched in synaptosomal preparations.
The physiological significance of the changes in the phosphorylation state of amphiphysin I remains to be clarified. Both the upper and lower amphiphysin I bands were affinity purified by the recombinant proline-rich regions of dynamin I and synaptojanin I (data not shown). Furthermore, both bands were recovered in particulate and cytosolic fractions. Effects of phosphorylation at specific phosphorylation sites on amphiphysin I interactions need to be further investigated. Because the parallel dephosphorylations of amphiphysin I, dynamin I, and synaptojanin I occur in response to a stimulus that triggers exocytosis, and therefore compensatory endocytosis, these covalent modifications are likely to favor the endocytic reaction.
In fact, dephosphorylation of dynamin I was reported to correlate with an enhanced recovery in particulate fractions (25) (possibly reflecting dynamin assembly) and with a decrease in the GTPase activity (46) (thus enhancing the proportion of GTP-dynamin). The state of phosphorylation of the clathrin adaptor AP2, which also binds to amphiphysin I (4, 13), but at a site distinct from the SH3 domain (4), was not investigated in this study. However, it is of interest that AP2 assembly into coat structures was found to correlate with a decreased level of its state of phosphorylation (47) . Clearly, amphiphysin I dephosphorylation is an event that occurs upstream rather than downstream to the endocytic reaction because it occurs even when synaptic vesicle exocytosis (and therefore compensatory endocytosis) is blocked by tetanus toxin. The sensitivity of amphiphysin I dephosphorylation to calcineurin inhibitors provides new evidence for a regulatory role of this protein phosphatase in synaptic vesicle recycling. Although several studies have suggested a role of calcineurin in the regulation of the synaptic vesicle cycle, results have been contradictory (38, 48, 49) . Our findings suggest that calcineurin is a positive regulator of synaptic vesicle endocytosis. Calcineurin, in turn, may be one of the effectors of calmodulin and Ca 2ϩ in endocytosis. An important function of calmodulin in this process is suggested by genetic studies in yeast (50) as well as by biochemical (51), capacitance (52) , and inhibitor studies (53) in mammalian cells. The role of Ca 2ϩ in synaptic vesicle endocytosis is controversial. Some studies have suggested independence of extracellular Ca 2ϩ (54) , and other studies have shown inhibition (55) (57) (58) (59) (60) (61) (62) . In particular, a recent study at the giant reticulo-spinal synapse of the lamprey has shown that reformation of synaptic vesicles after their depletion produced by high frequency electrical stimulation is completely blocked by a prolonged depletion of extracellular Ca 2ϩ (63) . The parallel dephosphorylation of amphiphysin I, dynamin I, and synaptojanin I by the calcium/calmodulin-regulated protein phosphatase calcineurin may be one of the steps mediating the regulatory effects of Ca 2ϩ on synaptic vesicle endocytosis and may prime the nerve terminal for endocytic activity after a Ca 2ϩ -induced burst of exocytosis.
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